Chinese indigenous pigs differ significantly from Western commercial pig breeds in 22 phenotypic and genomic characteristics. Thus, building a high-quality reference 23 genome for Chinese indigenous pigs is pivotal to exploring gene function, genome 24 evolution and improving genetic breeding in pigs. Here, we report an ultrahigh-quality 25 phased chromosome-scale genome assembly for a male Luchuan pig, a representative 26 Chinese domestic breed, by generating and combining data from PacBio Sequel reads, 27 Illumina paired-end reads, high-throughput chromatin conformation capture and 28 BioNano optical map. The primary assembly is ~ 2.58 Gb in size with contig and 29 scaffold N50s of 18.03 Mb and 140.09 Mb, respectively. Comparison between primary 30 assembly and alternative haplotig reveals numerous haplotype-specific alleles, which 31 provide a rich resource to study the allele-specific expression, epigenetic regulation, 32 genome structure and evolution of pigs. Gene enrichment analysis indicates that the 33 Luchuan-specific genes are predominantly enriched in Gene Ontology terms for 34 phosphoprotein phosphatase activity, signaling receptor activity and 35 phosphatidylinositol binding. We provide clear molecular evolutionary evidence that 36 the divergence time between Luchuan and Duroc pigs is dated back to about 1.7 million 37 years ago. Meanwhile, Luchuan exhibits fewer events of gene family expansion and 38 stronger gene family contraction than Duroc. The positively selected genes (PSGs) in 39 Luchuan pig significantly enrich for protein tyrosine kinase activity, microtubule motor 40 activity, GTPase activator activity and ubiquitin-protein transferase activity, whereas 41 the PSGs in Duroc pig enrich for G-protein coupled receptor activity. Overall, our 42 findings not only provide key benchmark data for the pig genetics community, but also 43 pave a new avenue for utilizing porcine biomedical models to study human health and 44 diseases.
Introduction
Sus scrofa (pig) is one of the most important domesticated animals for its enormous physical maps with unique sequence motifs that can provide long-range structural 139 information of the genome. Briefly, high-molecular weight DNA was extracted from 140 the pig blood sample and digested with nickases Nt.BspQI, Nb.BssSI and Direct 141 Labeling Enzyme 1 (DLE-1), respectively. After labeling and staining, DNA was loaded 142 onto the Saphyr chip for sequencing. Raw data for each enzyme library were collected 143 and converted into a BNX file by AutoDetect software, to obtain basic labeling and 144 DNA length information. The filtered raw DNA molecules in BNX format were aligned, 145 clustered and assembled into the BNG map by using the Bionano Solve pipeline. Two 146 enzyme (Nt.BspQI, Nb.BssSI) hybrid scaffolding was firstly processed to produce a set 147 of initial hybrid scaffold, a second round of hybrid scaffolding with genome map of 148 DEL-1 enzyme was followed. Repeat annotation 151 There are two main types of repeats in the genome: tandem and interspersed. 152 Tandem repetitive sequences were identified using Tandem Repeats Finder (TRF, 153 version4.07). The interspersed repeat contents were identified using two methods: de 154 novo repeat identification and known repeat searching against existing databases.
155
RepeatModeler (version 1.0.8, http://www.repeatmasker.org/RepeatModeler/) was 156 used to predict repeat sequences in the genome, and RepeatMasker (version 4.0.7) [22] 157 was then used to search the Luchuan pig genome against the de novo transposable 158 elements (TE) library. The homology-based approach involved applying commonly 159 used databases of known repetitive sequences, RepeatMasker (version 4.0.7) and the 160 Repbase database (version 21) [23] were used to identify TEsin the assembled genome.
161
RepeatMasker and Repeat Protein Masker (http://repeatmasker.org) were applied for 162 TEs identification at the DNA and protein levels, respectively.
164
Gene prediction and annotation 165 Protein-coding region identification and gene prediction were conducted through a 166 combination of three approaches as following: All gene models predicted based on the above three approaches were combined by gene models were finally refined using the Program to Assemble Spliced Alignments (circRNAs) were predicted by methods described previously [4, 35, 36] . species. In addition, the one-to-one orthologous between these species were defined 215 using BLASTP based on the Bidirectional Best Hit (BBH) method with a sequence 216 coverage > 80% and identity > 80%, followed by selection of the best match. Phylogenetic tree construction and evolution rate estimation 227 Single-copy gene families were used to construct a phylogenetic tree for Luchuan 228 pig and the other mammalian genomes (Duroc pig, cattle, goat, dog, mouse and human).
229
Four-fold degenerate sites were extracted from each family and concatenated into one 230 supergene for each species. PhyML v3.0 was adopted to reconstruct the phylogenetic 231 tree based on the GTR+gamma substitution model [40] Genomics).
246
The Pacbio reads were first assembled de novo, producing an initial contig 247 assembly with N50 of 18.68 Mb and a total length of 2.52 Gb. Then the assembly was 248 integrated with Hi-C data to create phased diploid chromosome-scale scaffolds 249 ( Supplementary Figure 1) , generating an alternative haplotype sequence with contig 250 N50 of 18.79Mb, scaffold N50 of 141.24Mb and a total length of 2.55 Gb. After 251 improving the assembly based on Illumina sequencing data, the optical map data were 252 used to validate, correct and merge the scaffolds ( Supplementary Table 1 ). Given the 253 high quality of the present Duroc reference genome (Sscrofa11.1), a reference-assisted 254 scaffolding strategy was used to get chromosome-level pseudomolecules ( Figure 1A) . 255 Finally, we generated a high-contiguous, chromosome-scale and phased assembly of Table 4 ). Figure 2 ). It is worth noting that the alternative haplotig also has highly collinear 277 relationships with Duroc pig assembly ( Supplementary Figure 2) . Additionally, to 278 assess the scaffolding accuracy of Luchuan assembly, we adopted the nickases 279 Nt.BspQI, Nb.BssSI and DLE-1 for optical map library construction, and got 453 Gb, 280 345 Gb, and 618 Gb raw data using these three enzymes, respectively. After removing 281 molecules in lengths less than 150 kb, we obtained 303 Gb, 268 Gb and 308 Gb high-282 quality optical molecules, accounting for > 100× coverage of genome size. The N50 of 283 the molecules are 358 kb, 394 kb and 248 kb for Nt.BspQI , Nb.BssSI nickase and 284 DLE-1 enzymes, respectively (Supplementary Table 5 ). The high concordance between 285 the assembly and the optical map data provides strong support for the robustness of the 286 assembly ( Figure 2) . By comparison between the contigs/scaffolds and optical maps, 287 74 and 73 conflicts were detected for the primary assembly and alternative haplotig, 288 respectively. After conflict correction, we assembled 63 and 64 hybrid scaffolds based 289 on genome map hybrid assembly for the primary assembly and alternative haplotig, respectively. These results demonstrated the high reliability of the alternate haplotype 291 assembly.
292

Genetic variations between primary assembly and alternate haplotig 294
By comparing the primary assembly to the alternate haplotig, we identified 295 numerous haplotype-specific alleles, including 6.83 million SNPs, 1.64 million short 296 indels and 23,539 SVs (Figure 3) . Among the SNPs, most (97.54%) were located in 297 intergenic regions (63.01%) and intronic regions (34.51%), only 0.56% were located in 298 coding sequences. Of the SNPs present in coding regions, 24,056 were synonymous 299 and 13,959 were non-synonymous. In addition, 2,479 and 463 indels may result in 300 frameshift and non-frameshift variations, respectively. These variations are valuable to 301 further study the allele-specific expression, epigenetic regulation, genome structure and 302 evolution in pigs.
304
Genome annotation 305 We predicted a total of 22,710 PCGs with strong evidence in Luchuan by combining 306 ab initio prediction, homologous protein prediction and transcriptome alignment. Of 307 these PCGs, ~90% gain clear supporting evidence based on transcriptome sequencing 308 data and functional annotation information (Table 1 ; Supplementary Table 6 ). The 309 average length of gene, exon and intron were 40,062bp, 177bp and 4,709bp, 310 respectively. We also annotated 2,835 small ncRNAs including 388 miRNAs, 394 311 rRNAs, 1,076 tRNAs and 977 snRNAs. Additionally, 3,066 novel lncRNAs and 1,019 312 novel circRNAs were identified in the Luchuan genome ( Supplementary Table 7 ). Supplementary Table 10 ).
332
A phylogenetic tree was constructed using the pigs (Luchuan and Duroc) and five 333 other mammals (cattle, goat, dog, human and mouse). As shown in Figure 4B , the Figure 4B) . Notably, expanded genes in Luchuan were closely related to response to 338 oxidative stress and biotic stimulus. In Duroc, the olfactory-related genes were 339 significantly expanded, consistent with a previous study [8] . In addition, expanded 340 genes in Duroc are significantly (P < 0.05) enriched in GO terms for 341 galactosyltransferase activity, antioxidant activity and growth factor activity.
342
Bidirectional selection between Luchuan and Duroc pigs 343
To study the bidirectional selection between Luchan and Duroc pigs, we further 344 screened out 7,222 one-to-one orthologous gene sets from the seven mammals. We is closely related with the olfactory receptors ( Supplementary Table 11 ). Duroc pigs, supporting great overall quality of our assembly. Notably, our assembly 375 approach also makes it possible to construct a high-quality alternate haplotig assembly, 376 which is comparable to the primary assembly with a scaffold N50 size of 17.77 Mb.
377
Using the phased diploid assembly, we are able to identify structural variations between 378 two homologous chromosomes [15, 16] , which are important for understanding how 379 combinations of variants impact phenotypes. Millions of genetic variations between 380 primary assembly and alternate haplotig of Luchuan genome were identified in our 381 study, which provided an unprecedentedly detailed resource to further study the allele-382 specific expression, epigenetic regulation, genome structure and evolution of Eastern Tarailo -Graovac M, Chen N: Using RepeatMasker to identify repetitive elements in
